NADH-ubiquinone oxidoreductase (complex I) is the largest (ϳ1 MDa) and the least characterized complex of the mitochondrial electron transport chain. Because of the ease of sample availability, previous work has focused almost exclusively on bovine complex I. However, only medium resolution structural analyses of this complex have been reported. Working with other mammalian complex I homologues is a potential approach for overcoming these limitations. Due to the inherent difficulty of expressing large membrane protein complexes, screening of complex I homologues is limited to large mammals reared for human consumption. The high sequence identity among these available sources may preclude the benefits of screening. Here, we report the characterization of complex I purified from Ovis aries (ovine) heart mitochondria. All 44 unique subunits of the intact complex were identified by mass spectrometry. We identified differences in the subunit composition of subcomplexes of ovine complex I as compared with bovine, suggesting differential stability of inter-subunit interactions within the complex. Furthermore, the 42-kDa subunit, which is easily lost from the bovine enzyme, remains tightly bound to ovine complex I. Additionally, we developed a novel purification protocol for highly active and stable mitochondrial complex I using the branched-chain detergent lauryl maltose neopentyl glycol. Our data demonstrate that, although closely related, significant differences exist between the biochemical properties of complex I prepared from ovine and bovine mitochondria and that ovine complex I represents a suitable alternative target for further structural studies.
Many products from the catabolic processing of monosaccharides, fatty acids, nucleotides, and amino acids are transported into the mitochondria, where their redox energy is harvested to synthesize ATP. The main process by which ATP is produced involves the five large membrane protein complexes of the oxidative phosphorylation electron transport chain (OXPHOS-ETC) 4 in the inner mitochondrial membrane (IMM) (1) . NADH-ubiquinone oxidoreductase (complex I) is the first and largest of the OXPHOS-ETC complexes and couples the reduction of ubiquinone by NADH to the pumping of 4 H ϩ across the IMM (2) (3) (4) (5) . Together with the other protonpumping OXPHOS-ETC complexes, ubiquinol-cytochrome c oxidoreductase (complex III or the bc 1 complex) and cytochrome c oxidase (complex IV), complex I is responsible for building up a large proton electrochemical gradient that is then harvested by ATP synthase (complex V) for ATP production (1) . Succinate-coenzyme Q reductase (complex II) is also a transmembrane protein complex and forms an integral part of the tricarboxylic acid cycle, but it only contributes to the membrane potential indirectly through reduction of the Q-pool (1) .
Although progress has been made in our understanding of the mechanism of the OXPHOS-ETC complexes, including high resolution structures of mammalian mitochondrial complexes II, III, and IV (6 -9) , until recently only medium resolution structures were available for intact complexes I and V (10 -14) . Additional structures of homologues of complexes I and V have provided further insight (2, 15, 16) . However, because of its large ϳ1-MDa size, its 45 total subunits (44 unique subunits with SDAP present in two copies (11) ) as well as the separation of its redox cofactors and proton pumps in large hydrophilic and hydrophobic arms, complex I remains the least well mechanistically and structurally characterized of the OXPHOS-ETC complexes.
Currently, the best structural data on complex I is from bacterial homologues, which are smaller but are homologous to the "core" of the mammalian mitochondrial enzyme (2) . Structures of subcomplexes of complex I from Thermus thermophilus and Escherichia coli, as well as the recent 3.3 Å structure of the intact T. thermophilus enzyme, revealed the details of the "L-shaped" structure of complex I (17) (18) (19) (20) (21) . All complex I cofactors, including flavin mononucleotide (FMN) and the seven conserved iron-sulfur (Fe-S) clusters (N1a, N3, N1b, N4, N5, N6a, N6b, and N2), are found in the hydrophilic "matrix" arm, whereas the proton translocation pathways are all located in the hydrophobic "membrane" arm (17, 18, 20) . A long Q-binding tunnel extends from the membrane into the peripheral arm near the terminal Fe-S cluster N2 (21) . The Q-binding site is coupled to the most distal proton-pumping subunit by an axis of hydrophilic residues in the middle of the membrane (2, 21) . The proton-pumping domains are further connected by structural elements including an ϳ100-Å-long lateral helix that spans two-thirds of the membrane arm (20) . Although these structures of bacterial complex I have increased our understanding and remain the best picture of the functionally important core subunits, the mechanism of how Q reduction is coupled to proton translocation remains unknown. Additionally, the bacterial homologues do not provide any information about the position and role of the 30 mammalian mitochondrial supernumerary subunits (3, 4) .
In the case of mitochondrial complex I, the highest resolution electron density map (ϳ3.8 Å) is available for the singlecelled eukaryote Yarrowia lipolytica homologue (22) . Although this complex contains 27-28 supernumerary subunits, only 23 of them have mammalian homologues, and none have been assigned in the structure besides NUEM (39-kDa subunit homologue) (22, 23) . For mammalian mitochondrial complex I, two medium resolution structures have been reported for the bovine enzyme as follows: one single particle cryo-EM structure of the intact enzyme at 5 Å resolution, and one x-ray crystallographic structure of a portion of the membrane arm at 6.0 Å (11, 24) . By comparing these two structures, preliminary assignments of the supernumerary subunits have been proposed; however, due to the limited resolution of the maps, only partial polyalanine models have been built (11, 24) . Very recently, a 4.2 Å resolution cryo-EM structure of the bovine enzyme has been published (14) , with all subunits assigned but still largely incomplete models for supernumerary subunits (only 27% of residues at atomic level). We reported a 3.9 Å structure of mitochondrial complex I using the novel purification protocols described in detail here (25) . At this resolution and in conjunction with experimental cross-linking data, definitive assignments for all supernumerary subunits were made, and nearly fully atomic models for all subunits were built (25) .
This recent structure resulted from adopting a common approach to membrane-protein structure determination: screening homologues of a target protein to find the most stable and homogeneous sample for crystallization or cryo-EM grid preparation (26, 27) . However, because of the inherent difficulty in the exogenous overexpression of large protein complexes with many cofactors, sources of mammalian complex I that are sufficient for structural studies are limited to readily available natural tissues. The most abundant sources are the hearts of large mammals reared as livestock for human consumption, namely Bos taurus (bovine), Ovis aries (ovine), and Sus scrofa (porcine). It is also possible to biochemically characterize human complex I isolated from cell culture lines; however, the large amounts of protein needed for structural studies make the economic cost of this approach prohibitive. Of these four options, bovine complex I remains the most studied, but it has yet to produce samples capable of yielding high resolution structural data.
Here, we report the biochemical purification and functional characterization of ovine complex I. We found that although both bovine and ovine complex I share high sequence identity, they nonetheless show differences in their activity and stability during purification in the commonly used detergent dodecyl maltoside (DDM). We show that all 44 unique subunits are present in the purified sample and characterize the subunit makeup of subcomplexes produced after treatment of the purified protein with lauryldimethylamine-N-oxide (LDAO). Differences seen in the subunit makeup of the ovine complex I subcomplexes, when compared with bovine complex I subcomplexes, suggest differences in the stabilities of interactions between supernumerary subunits. Next, by screening ovine complex I activity in 16 different detergents, across five classes, we identify the maltose neo-pentylglycol detergents as potential complex I activators in solution. Consequently, we develop a novel purification protocol using LMNG that results in a highly pure, active, and stable complex I. We conclude that despite high sequence similarity to the bovine complex, ovine complex I represents a promising additional target for structural characterization of mammalian mitochondrial complex I.
Results
Sequence Comparisons for Mitochondrial Complex I from Large Source Mammals-To determine the degree to which complex I differs between the possible source mammals, the protein sequences of all 44 unique complex I subunits were compared ( Table 1 ). The recent low and medium resolution structures of mitochondrial complex I have demonstrated that these supernumerary subunits "coat" the core subunits of both the peripheral and membrane arms forming an "outer shell" of protein (11, 22) . Because the surface properties of a protein dictate much of its biochemical behavior (including crystallizability), the sequence differences in the supernumerary subunits are of particular interest. Additionally, single amino acid variations at protein-protein interfaces in a large complex may result in significant changes in stability (28) .
Sequence analysis reveals that the core subunits of each complex I are highly conserved with an average of ϳ83% identity across all core subunits relative to human (Table 1 ). Ovine and porcine core subunits are on average 96.4 and 91.9% identical to the more studied bovine complex (Table 1 ). There exists a stark difference in the relative conservation of the mitochondrionand nucleus-encoded core subunits (on average across species, ϳ70% versus ϳ96% identical relative to human, respectively), which likely results from the reduced conservation of hydrophobic residues exposed to the membrane and the higher mutation rate of the mitochondrial genome (Table 1) (29, 30) . Because of this increased mutation rate, many isoforms of the O. aries mitochondrion-encoded subunits (usually differing by a single amino acid change) have been reported (31) (32) (33) (34) (35) (36) . Therefore, where possible, we used protein-identification mass spectrometry experiments (described below) to specifically identify the subunit isoforms present in our sample (see Table 2 for database accession codes for the O. aries sequences used in our analyses).
The 30 nucleus-encoded supernumerary subunits have on average lower sequence conservation than the nucleus-encoded core subunits, ϳ84% versus ϳ95% identity across all species, respectively ( Table 1 ). The nucleus-encoded core subunits compose the solvent-exposed matrix arm of the enzyme and include the distal N-module (the 24-, 51-, and 75-kDa core subunits) and the proximal Q-module (the 49-and 30-kDa, TYKY and PSST core subunits), relative to the membrane arm of the complex (15) . Together, the N-and Q-modules contain all eight Fe-S clusters, the FMN co-factor as well as the NADH and Q biding sites (2) . Although a few supernumerary subunits have been identified to play important roles in the assembly, stability, and activity of the complex, the roles of many of these subunits remain undefined (37) . Overall, the bovine and ovine enzymes are 99.4, 97.2, and 93.1% identical in the nucleus-encoded core, supernumerary, and mitochondrion-encoded core subunits, respectively (Table 1) . To fully understand the impact of the sequence differences between the subunits of these complexes we undertook the biochemical purification and characterization of ovine complex I.
Initial Purification of Ovine Complex I-The initial purification of ovine complex I was performed in a manner similar to the established protocol for bovine complex I (38), which (75)) shows an alternative predicted splice pattern compared with human, bovine, and ovine (NCB Gene IDs, 4731 (76) ,327717 (77) and 101105620) resulting in alternative C termini of the predicted protein and low sequence identity. c Two copies of subunit NUDFAB1 (SDAP) are present in complex I giving a total of 45 subunits (11).
involved two successive anion-exchange steps followed by size exclusion chromatography. However, optimization of the first anion-exchange step allowed for the omission of the second step while maintaining high purity similar to the original protocol (see under "Experimental Procedures"). Chromatograms from a final optimized purification are shown in Fig. 1, A and B . This protocol resulted in highly enriched complex I with only trace contamination by 2-oxoglutarate dehydrogenase (Fig.  1C ). Subunit composition of the purified intact complex was determined using mass spectrometry. Several unique peptides corresponding to all known complex I subunits were identified from SDS-polyacrylamide gel slices, except in the case of the highly hydrophobic core subunit ND4L ( Fig. 1C and Table 2 ). Multiple sequences of the ovine mitochondrion-encoded sequences can be found in on-line databases (31) (32) (33) (34) (35) (36) , and in most cases, our MS data confirmed the particular sequence present in our samples ( Table 2 ). In the case of subunit ND4L, no peptides corresponding to available ovine sequences were detected; however, when searched against a database of all mammalian sequences, a match was found for a peptide corresponding to a Connochaetes taurinus (blue wildebeest) sequence of ND4L (Fig. 2 ). This C. taurinus sequence is ϳ96-98% identical to the available ovine sequences, similar to the identity seen within the Ovis genus for ND4L sequences. The significant difference in the C. taurinus ND4L sequence is a Met to Lys change at position 80 that introduces an additional trypsin site, resulting in the observed peptide ( Fig. 2) . Given the variability seen in the ovine mitochondrial sequences (31) (32) (33) (34) (35) (36) , it is likely that this peptide corresponds to the ND4L protein present in our ovine sample that contains a Lys at position 80.
Whereas purified bovine complex I showed no strong preference in activity between the use of soybean asolectin, soybean phosphatidylcholine (PC), or bovine heart PC during the purification (39), ovine complex I maintained the highest activity in a defined mixture of dioleoylphosphatidylcholine (DOPC) and bovine heart cardiolipin (CL). Activity measurements on the enzyme purified in the presence of DOPC and CL showed Table 1 ), but it may differ by a point mutation (M80K) from sequence present in the sample (Fig. 2 ). strong lipid dependence (Table 3 ). In the absence of lipid in the reaction buffer, the ovine complex showed almost no DQ activity, even after purification in the presence of lipids ( Table 3) . Inclusion of asolectin improved activity, which was further increased by the addition of CL (Table 3 ). However, when asolectin was replaced in the reaction buffer with bovine heart polar lipid extract or sources of pure PC lipids, either isolated from egg yolk (EggPC) or with uniform acyl chains (DOPC), the activity of the purified complex I increased ( Table 3 ). The highest activity measured was in the more defined lipid mixture of 4:1 DOPC/CL. Therefore, this combination was used on the gel filtration columns. When lipids were not added to the purification buffers, the purity of the sample was not noticeably affected; however, the isolated complex I had very low activity even when lipids were present in the reaction buffer (Table 3) . These data support the strong dependence of mammalian mitochondrial complex I activity on lipids, which has also been reported for the bovine enzyme (39) . However, ovine complex I is more sensitive than bovine complex I, requiring specific lipids and the addition of CL to the reaction. This suggests that the ovine enzyme binds its native lipids more loosely than bovine complex I and that more lipids, including CL, are lost during the purification or when diluted into the reaction buffer. Further experiments are needed to quantify and identify any bound lipids carried through the purification. Nonetheless, when supple-mented in the purification and reaction buffers, the lipids are able to sustain the activity of the purified enzyme at similar levels to the chromatographically purified bovine complex in DDM (39) .
Characterization of Ovine Complex I Subcomplexes-To investigate differences in the stability of subunit interactions, purified ovine complex I was fragmented into subcomplexes by the addition of the dispersive detergent LDAO. It has been shown for bovine complex I that addition of 1% LDAO results in the dissociation of the peripheral and membrane arms along a fissure that splits the membrane (38, 40, 41) . The peripheral arm can remain attached to ND1, ND2, and other membrane supernumerary subunits adjacent to the Q-module (MWFE, B9 and B16.6), forming subcomplex I␣ (40, 42) . Subunits ND4, ND5, and associated supernumerary subunits remain together forming subcomplex I␤ (38, 40 -42) . These two subcomplexes can be separated on a Mono Q anion-exchange column with the remaining subunits, referred to as fraction I␥, found in the flowthrough (38) . After isolation of bovine subcomplex I␣, further incubation in LDAO leads to separation of the membrane subunits resulting in subcomplex I, composed almost exclusively of the peripheral arm subunits (38, 41) . Usually, the core subunits ND1 and ND2 are found in the I␥ fraction, indicating that they are only weakly associated with I␣ (38, 41) . Therefore, the I␣-to-I transition is better characterized by the loss of the 39and 15-kDa, PGIV, MWFE, B9, B14, SDAP, and B14.7 supernu- Table 2 ). The ? after subunit ND4L signifies a single identified peptide that suggests an alternative sequence ( Fig. 2 ). NOVEMBER 18, 2016 • VOLUME 291 • NUMBER 47 JOURNAL OF BIOLOGICAL CHEMISTRY 24661 merary subunits (38, 41) . All transmembrane and intermembrane space subunits are lost during the I␣-to-I transition except for the single transmembrane domain containing subunit B16.6 (38, 41) .
Characterization of Ovine Complex I
Given the high sequence identity between the ovine and bovine complexes (Table 1) , it was expected that the ovine enzyme would behave similarly to the bovine enzyme after LDAO treatment. However, surprising differences were seen for the LDAO-treated ovine complex I. First, after a 4-h preincubation in LDAO, it was not possible to isolate intact subcomplex I␣ from ovine complex I, as nearly all ND1, ND2, 15-kDa, MWFE, B9, and B14.7 subunits were coming in the I␥ fraction ( Fig. 3 and Table 4 ). However, the 39-kDa, B14, SDAP, and PGIV subunits remained associated with the ovine I-like subcomplex even after overnight incubation in 0.1% LDAO. Of the remaining subunits, it appears that SDAP, B16.6, and PGIV may be sub-stoichiometric (Table 4) ; however, all appear as visible bands on the I-like subcomplex gels (Fig. 3B ). This suggests that the I␣-to-I-like transition is very rapid for ovine complex I and that ovine complex I breaks down into a distinct stable subcomplex, which we term subcomplex I O (for ovine I; Fig. 3, A and B) . Subcomplex I O is larger than bovine I, given that it maintains more of the bovine I␣ supernumerary subunits (39 kDa, B14, SDAP, and PGIV; Fig.  3B ). After a shorter 1-h pre-incubation in LDAO, some of the I␣ subunits remained partially bound to subcomplex I O (MWFE, 42 and 15 kDa; Table 4 ). However, the addition of these few subunits did not fully reconstitute a bovine-I␣-like subcomplex and they were readily lost after further incubation in LDAO.
All of the subunits in I O are found on the matrix side of the IMM except for B16.6, which is a single-pass transmembrane protein, and PGIV, which is located in the inter-membrane space (11, 23, 43) . The presence of these two subunits in I O (in the absence of other transmembrane subunits such as ND1, ND2, MWFE, or B9) suggests a strong interaction between the N terminus of B16.6 and the Q-module of the peripheral arm. This possibility is supported by the fact that B16.6 also remains as the sole transmembrane subunit in bovine I (43) . The recent structural work on complex I shows direct interaction between B16.6 and PGIV in the inter-membrane space (11, 14, 25) . Hence, in the ovine enzyme, where PGIV is not lost from I O , this interaction with B16.6 must be more stable even in the absence of other interaction partners.
Despite the significant differences between the I␣, I, and I O subcomplexes of the bovine and ovine enzymes, ovine subcomplex I␤ is nearly identical to that of its bovine counterpart (44) . Subcomplex I␤ is composed of the distal membrane core subunits ND4 and ND5, with 12 additional supernumerary subunits (B22, PDSW, B18, ASHI, B17, ESSS, SGDH, B15, B12, AGGG, SDAP, and MNLL; Fig. 3 and Table 4 ). The only difference between the bovine and ovine I␤ subcomplexes is that subunit B14.5b has been identified in bovine subcomplex I␤ (41) , whereas this subunit was predominantly observed in the ovine I␥ fraction ( Fig. 3B and Table 4 ).
The differences in the composition of the ovine subcomplexes suggest significant differences in the stability of the interactions among the supernumerary subunits despite the high sequence identity ( Table 1) . These data support the idea that alternative mammalian complex I homologues may be better candidates for structural studies and that available homologues should be further characterized.
Detergent Effects on Ovine Complex I in Membranes-To further characterize ovine complex I, a detergent screen was performed on mitochondrial membranes. By testing the activity of complex I across many detergents, conditions for the purification of more active and stable enzyme may be found. Samples of washed mitochondrial membranes were suspended in a 0.1% CHAPS buffer containing 0.25 mg/ml 4:1 DOPC/CL (optimal lipid mixture, Table 3 ) in the presence of 0.1% of various detergents, and the NADH/decylubiquinone (DQ) activity of complex I was measured ( Table 5 ). According to our estimates based on the NADH/FeCy and NADH/HAR activity (see below) of purified ovine complex I, complex I constitutes ϳ8% of the protein in this sample (Table 6 ). This estimate agrees well with the relative concentrations of complex I estimated at ϳ10% of total protein in sub-mitochondrial particles (SMPs) (45) . However, because we were only interested in the relative activity between the different detergent samples, the values in Table 4 are reported in units/mg total protein. Table 4 . NOVEMBER 18, 2016 • VOLUME 291 • NUMBER 47 

Mass spectrometry identification for subunits of ovine complex I within subcomplexes
Total spectrum counts and normalized exponentially modified protein abundance index (emPAI) values are shown for both experiment 1 (4-h pre-incubation in LDAO, top row) and experiment 2 (1-h pre-incubation in LDAO, bottom row). The values for each subunit that are in bold indicate their subcomplex assignment based on total spectrum count and exponentially modified protein abundance index (80) . In the few cases where assignment was still ambiguous, visual inspection of the gel was used to confirm the presence/absence of the subunit (marked by a "v"). Control experiments were performed without detergent or lipids, with 0.01, 0.1, or 0.2% CHAPS to determine the baseline activity and to control for the effect of the higher detergent concentrations ( Table 5 ). We included 0.1% CHAPS (below the critical micelle concentration) in all experiments to control for differing capabilities of the detergents to readily disperse the mitochondrial membranes and to solubilize the added lipids. As an additional control, we used the gentle detergent digitonin, which has been previously used to isolate respiratory chain supercomplexes (46) . The DQ activity in the presence of digitonin was slightly higher than that in CHAPS alone ( Table 5 ).
Subunit
Using these values as a baseline, other detergents were investigated for their effect on complex I activity.
First, a series of maltosides was investigated. The maltosides are the most commonly used detergents for membrane-protein biochemistry and crystallography and consist of a single maltose disaccharide with an acyl chain of variable length (47) . Here, we investigated maltosides with acyl chains from 10 to 13 carbons (DM, UDM, DDM, and TDM). TDM has been previously used in the successful purification and crystallization of bacterial complex I from T. thermophilus (21) . In each case, we found that the addition of the maltoside detergent significantly reduced the activity of ovine complex I (p Ͻ 0.001) to approximately half that seen in CHAPS alone or CHAPS plus digitonin. This reduction was even more pronounced for the CYMAL detergents ( Table 5 ). CYMAL detergents are similar to the other maltosides, except that they have a cyclohexane ring on the end of their acyl chains.
Even stronger reduction of complex I activity was observed for the polyoxyethylene (POE) detergents C10E9 and C12E8 (Table 5 ). These detergents do not contain a maltoside headgroup but instead possess an oxyethylene polymer with nine and eight residues, respectively. The POE detergent Brij 35, which has a long 23 polyethylene glycol residue polymer, also inhibited complex I activity but to a lesser extent than the shorter POE detergents ( Table 5 ). It should be noted that the reduction of complex I activity by the maltoside and POE detergents is likely not due to disruption of complex I structure, but due to direct inhibition from blockage of the Q-site (48)). Therefore, although it may still be possible to use these detergents in structural studies, they will prevent the use of activity measurements as a method for determining the quality of a complex I sample.
Conversely, the neopentyl glycol detergents maintained or even increased complex I activity in the membrane sample relative to CHAPS alone (Table 3) . These branched detergents are composed of two maltose headgroups and two acyl chains all connected via a single carbon (49) . Neopentyl glycol detergents have been shown to have positive effects on the stability of membrane proteins in solution (49) . Decyl maltose neopentyl glycol (DMNG) and lauryl maltose neopentyl glycol (LMNG) have 10 and 12 carbon acyl chains, respectively. In our experiments, DMNG maintained complex I activity at levels similar to that of the enzyme in digitonin, whereas the NADH/DQ activity of complex I in LMNG was significantly increased relative to digitonin or 0.2% CHAPS alone (p Ͻ 0.001, see Table 5 ).
Additional "miscellaneous" detergents that were screened included the rigid steroid-based detergent GDN (50), the shortchain lipid detergent DHPC, and the dicyclohexane containing maltoside trans-PCC␣M. GDN is structurally related to digitonin, but with a simpler dimaltose headgroup (50); therefore, it is not surprising that it had a similar effect on complex I activity (Table 5 ). However, unlike the case with digitonin, small scale extraction experiments with GDN indicated that it was unable to efficiently extract complex I from the membrane (data not shown). DHPC had a slight negative effect on complex I activity relative to 0.2% CHAPS alone (p Ͻ 0.05). Finally, trans-PCC␣M had a similar inhibitory effect as the other cyclohexane-containing detergents.
As an additional control, we measured electron flux through the ETC in washed ovine mitochondrial membranes ( Table 5 ).
In these experiments, no DQ was added to the sample. Hence, the electrons from NADH travel via complex I to endogenous coenzyme Q, and the reduced quinol diffuses in the membrane to complex III where the electrons were then transferred to Cyt c. Finally, reduced Cyt c carries the electrons to complex IV where they are used to reduce O 2 to water. To prevent the buildup of a membrane potential, the proton ionophore CCCP was added to the reaction. In the absence of added Cyt c, the NADH/O 2 activity was measured to be 0.405 Ϯ 0.007 units/mg protein (Table 5 ). However, because much of the endogenous Cyt c was lost during washing of the membranes, activity was also measured after addition of 20 M bovine Cyt c, resulting in much higher activity ( Table 5 ). Addition of Cyt c over 20 M failed to increase activity further. To ensure that the oxidation of NADH observed in these experiments was due to flux through the ETC, the effect of specific inhibitors for each complex was examined ( Table 5 ). In separate experiments, complex I was inhibited by rotenone; complex III was inhibited by antimycin A, and complex IV was inhibited by KCN ( Table  5 ). Inhibition of any of the individual complexes nearly abolished oxidation of NADH, indicating that the activity measured from the membranes was due to specific electron flux through the ETC. This flux provided an upper limit to com-plex I activity in the membranes at 0.942 Ϯ 0.023 units/mg total protein (after correcting for activity seen in the presence of rotenone; Table 5 ).
Because it is likely that NADH/FeCy activity of complex I does not depend on the membrane environment (being catalyzed by the peripheral hydrophilic domain), this activity can be used to calibrate the NADH/Q activity of complex I in the membrane. Specific NADH/FeCy activity of the ovine complex I purified in DDM was 82.0 Ϯ 7.6 units/mg complex I, and NADH/FeCy activity of the washed mitochondrial membranes was 6.26 Ϯ 0.32 units/mg protein or 76.0 Ϯ 3.7 units/ml. Therefore, the approximate concentration of complex I in the membranes was 0.93 Ϯ 0.10 mg/ml (or 7.7 Ϯ 0.8% of total protein), and the upper limit of NADH/Q activity of complex I was calculated to be 12 Ϯ 1 units/mg complex I. However, because of the non-hyperbolic NADH concentration-activity profile of FeCy (see below), complex I activity in the membrane was also estimated using hexaammineruthenium(III) (HAR) as the electron acceptor. HAR shows a hyperbolic NADH concentration activity profile (see below), and it is known that this reaction proceeds via a ternary complex mechanism (51). The specific NADH/HAR activity of purified complex I (at 100 M NADH) was 39.1 Ϯ 3.0, and the NADH/HAR activity of the washed mitochondrial membranes was 2.67 Ϯ 0.10 units/mg protein or 31.5 Ϯ 1.2 units/ml. Therefore, NADH/HAR activity gives the approximate concentration of complex I in the membrane as 0.81 Ϯ 0.03 mg/ml (or 6.8 Ϯ 0.3% of total protein). Using HAR, the upper limit of NADH/Q activity of complex I was calculated to be 14 Ϯ 1 units/mg complex I. These values of complex I NADH/Q activity fall in the middle of estimates of complex I NADH oxidase activity in SMPs, which range from ϳ4 to 30 units/mg complex I measured using a variety of Q analogues (45, (52) (53) (54) (52)).
This indicates that ovine complex I purified in DDM maintains only ϳ25% of its maximum estimated activity in membranes (Table 3) . Consequently, we set out to develop a new purification protocol that would maintain higher complex I activity. Given that addition of the neopentyl glycol detergent LMNG to the CHAPS-solubilized membranes resulted in the highest activity measured in detergent and is therefore closest to the maximum activity seen for ovine complex I in the membranes (Table 5) , we decided to use this detergent for our optimization. If the branched LMNG molecule is capable of improving the stability of the complex throughout the purification, it may result in a more homogeneous and active sample for structural studies and further characterization.
Purification of Complex I in LMNG Maintains High Activity-LMNG was able to efficiently extract complex I from the mitochondrial membranes; therefore, a similar protocol was followed during the purification as for the DDM purification with minor changes (see under "Experimental Procedures"). The purification was performed by a single anion-exchange step followed by gel filtration (Fig. 4, A and B) . Finally, the NADH/FeCy active fractions from the SEC column were pooled and concentrated. This protocol resulted in highly pure (in the peak fractions) complex I with similar purity to the DDM purification (Fig. 1C) . The fractions from the SEC purification showed similar staining density and variation for the 42-kDa subunit compared with the other subunits across the fractions (Fig. 4C ). This indicates retention of this subunit throughout the purification, in contrast to the chromatographic purification of the bovine enzyme, during which this subunit is progressively lost (40) . In fact, it has been reported that the 42-kDa subunit can be completely stripped from the bovine enzyme by running the protein over a Mono Q column at room temperature in DDM (40) , indicating that this subunit is weakly bound to the complex and that samples of bovine complex purified chromatographically are heterogeneous (42) . Therefore, strong adherence of the 42-kDa subunit to the chromatographically purified ovine complex indicates that this is a more homogeneous sample and thus would be well suited for structural work.
The activity of purified complex I was compared between the DDM and LMNG purifications using a reaction buffer containing both 0.1% CHAPS and 0.1% LMNG ( Table 7 ). The enzyme showed higher activity when LMNG was used throughout the purification compared with when DDM was used (4.65 Ϯ 0.12 versus 3.20 Ϯ 0.24, p Ͻ 0.01; Table 7 ). This indicates that the branched LMNG detergent is better able to stabilize the complex throughout the purification and may also help to preserve bound native lipids. To test this hypothesis, the concentration of lipid was measured in the DDM-and LMNG-purified samples using an assay for organic phosphate (PO 4 ) content (55) . After the final SEC purification step, it was determined that the DDM-purified samples contained 27.0 Ϯ 2.0 PO 4 /complex I, whereas the LMNG-purified sample contained significantly more with 36.3 Ϯ 3.9 PO 4 /complex I (p Ͻ 0.001, n ϭ 7). Assuming the ratio of 4:1 (w/w) DOPC/CL, this number of phosphates is equivalent to ϳ21 lipids/complex I (ϳ18 DOPC and ϳ3 CL) for the DDM preparation and ϳ29 lipids/complex I (ϳ24 DOPC and ϳ5 CL) for the LMNG preparation. Although this estimated lipid content agrees well with other reported values of lipids co-purified with complex I, the number of CL estimated is less than the ϳ10 -16 CL/complex I previously reported for the bovine complex (39, 56) , which again suggests that the ovine complex may be more susceptible to delipidation (see Table 3 ).
To further characterize the purified complex in maltoside detergents, after the initial anion-exchange step (Fig. 4A) , the concentrated pooled fractions were split, and the final SEC purification step was run in different detergents on a small scale. Whereas the detergent exchange had a negligible effect on the activity of complex I purified in DDM, exchange of the LMNG-purified sample into DDM or TDM significantly increased the activity of the enzyme compared with the use of LMNG throughout the purification (p Ͻ 0.02; Table 7) , with maximal overall activity of our preparations, of 6.6 units/mg, being achieved in TDM. However, similar to what was seen with other POE detergents in mitochondrial membranes, exchange into Brij35 resulted in some loss of activity compared with the complex in LMNG (p Ͻ 0.001; Table 7 ). These data were confirmed with full preparations on a larger scale. All NADH/DQ activities reported here have been corrected for inhibition by 2.5 M rotenone; rotenone inhibited on average 98 Ϯ 1% of observed NADH/DQ activity.
The reason why exchange into DDM or TDM from the LMNG purification results in increased activity remains unclear, given that the use of these detergents in our initial detergent screen had the opposite effect on complex I activity NOVEMBER 18, 2016 • VOLUME 291 • NUMBER 47 JOURNAL OF BIOLOGICAL CHEMISTRY 24667 (Table 5 ). However, it is possible that lipids from the SEC buffers containing either DDM or TDM are better able to replenish lipids that have been stripped from the complex during the anion-exchange step. It is known that LMNG binds tightly to the hydrophobic transmembrane segments of membrane proteins, as evidenced by its low critical micellar concentration and the ability to use very low concentrations of LMNG (0.003%) to stabilize integral membrane proteins in solution (49, 57) . Tightly bound LMNG may be ideal for maintaining the structural integrity of complex I and preventing the extensive loss of native lipids (as demonstrated above). However, after the inevitable loss of some lipids during the chromatographic purification, the closely bound LMNG may prevent efficient re-lipidation of the complex. This hypothesis agrees with the known central role of lipids in preserving mammalian complex I activity, especially for the negatively charged CL, which is most atrisk during anion exchange (39) . Because the same CHAPS/ LMNG assay buffer was used when measuring all values in Table 7 , if small amounts of DDM or TDM carried over from the SEC step were able, for instance, to increase the availability of DQ to the enzyme in the CHAPS/LMNG buffer, then we would expect to see the same increase in activity for both the LMNG-and DDM-purified samples. However, this was not the case, leaving as the most likely explanation of the observed effects a partial re-lipidation of the complex during SEC in DDM or TDM.
Characterization of Ovine Complex I
Because TDM is insoluble at 4°C, chromatography steps using this detergent were performed at room temperature. Therefore, it is possible that temperature plays a role in the large increase in activity seen for the LMNG-purified sample after exchange into TDM. However, for the DDM-purified sample, performing the final SEC step at room temperature resulted in a loss of activity ( Table 7) . As would be expected, this suggests that complex I is less stable at this higher temperature and therefore that the activity effects seen for the LMNG-purified sample after exchange into DDM or TDM are likely due to the detergents used and not due to the temperature. This also suggests that the loss of activity during the purification in DDM is not solely due to the loss of lipids but is also due to the loss of the structural integrity of the complex, which would be accelerated at the higher temperature. Therefore, the branched LMNG detergent likely improves the purification of ovine complex I by holding the complex more tightly together. To inves-tigate the stability of the enzyme purified in LMNG, we performed gel-filtration chromatography on samples incubated at 4°C or room temperature (Fig. 5 ). After 5 days at 3.5 mg/ml, both samples showed very little aggregation or disassociation of the complex (Fig. 5 ). This indicates that the complex is highly stable in LMNG even at room temperature, although it is less active than when exchanged into TDM or DDM ( Table 7 ). The high stability of ovine complex I in LMNG further supports the prospect of using this complex I preparation for future structural work.
Characterization of Complex I Purified in LMNG-To further characterize the LMNG-purified ovine mitochondrial complex I, we measured NADH concentration-activity profiles for three major electron acceptors, FeCy, HAR, and DQ (Fig. 6,  A and B) . All subsequent NADH/DQ measurement (Figs. 6 -8) were done using the same CHAPS/LMNG buffer used in Table  7 . These data show that, like the bovine enzyme, the NADH concentration-activity profile of the NADH/FeCy activity is non-hyperbolic (Fig. 6A ). This reaction likely proceeds via a ping-pong mechanism in which NADH and FeCy compete for the same binding site near the FMN of complex I, and hence at high concentration NADH prevents FeCy access to the FMN slowing the reaction (58) . This concentration-activity profile precludes the accurate measurement of K m and V max . Conversely, the NADH concentration-activity profile of HAR is hyperbolic (Fig. 6A ) as this reaction proceeds via a ternary complex in which both NADH and HAR are simultaneously bound near the FMN site (51) . From these NADH/HAR data, the apparent K m of NADH is 80.1 Ϯ 5.5 M and V max is 74.3 Ϯ 1.4 units/mg complex I. The NADH concentration-activity profile of the NADH/DQ reaction is also hyperbolic (Fig. 6B) and gave a K m of 21.4 Ϯ 2.0 M and V max of 5.1 Ϯ 0.1 units/mg complex I. However, the DQ concentration-activity profile of the NADH/DQ reaction is non-hyperbolic ( Fig. 6C ). It has been demonstrated previously in bovine heart mitochondria and SMPs that water solubility of the quinone analogue strongly affects the activity measurements (59) . At low concentrations of DQ, the rate may be dominated by slow exchange of DQ between micelles (60), whereas at high concentration the DQ is difficult to fully solubilize. Nevertheless, our data clearly demonstrate that under our assay conditions optimal activ- ity is reached with 200 M DQ, which is twice the concentration optimally used for bovine heart mitochondria and SMPs (59) . This ability to use a higher concentration of DQ in our reactions is likely due to the presence of both detergents and lipids in our reaction buffers making the DQ more accessible to the enzyme. Next, we characterized the deactive/active enzyme transition at various concentrations of Mg 2ϩ . Oxidized mitochondrial complex I is known to enter into a deactive state that can be activated by pre-incubation with NADH (61, 62) . It is also known that divalent cations are able to trap the enzyme in the deactive state preventing reactivation after addition of NADH (63) . To demonstrate the deactivation of ovine complex I prepared in LMNG, the enzyme was pre-incubated for 10 min at 37°C in reaction buffer (including 200 M DQ). Then, before initiating the reaction with 100 M NADH, 5 or 2.5 mM Mg 2ϩ was added (Fig. 7A ). Addition of Mg 2ϩ trapped the deactivated enzyme in the deactive state resulting in lower overall activity ( Fig. 7A ). However, if complex I was activated by pre-incubation with 5 M NADH, addition of 5 or 2.5 mM Mg 2ϩ had a smaller inhibitory effect as a larger proportion of complex I had converted back into the active state ( Fig. 7B) . Additionally, the deactive complex is seen to be gradually re-activated during turnover, with lag phase extended and clearly visible for the 2.5 mM Mg 2ϩ trace in Fig. 7A . This demonstrates that, as seen for other mitochondrial complexes I characterized in SMPs (64), the purified ovine enzyme prepared in LMNG is capable of undergoing the active/deactive transition.
Finally, we tested the inhibition of ovine complex I by two of the most potent complex I inhibitors, rotenone and piericidin A ( Fig. 8) (65) . At ϳ10 nM complex I, the IC 50 values for rotenone and piericidin A were determined to be 73 nM for rotenone and 30 nM for piericidin A (95% confidence interval 60 -90 nM for rotenone and 20 -45 for piericidin A). These values agree with values reported in the literature. For example, at 1 nM complex I in bovine heart SMPs, the IC 50 values of rotenone and piericidin A were measured to be 5.5 and 2.8 nM, respectively (66) (the order of magnitude difference in IC 50 is accounted for by the order of magnitude difference in the concentration of complex I used in the measurements).
Discussion
Recent advances in structural work on ovine mammalian mitochondrial complex I using the LMNG preparation described here revealed the nearly fully atomic structure of the enzyme (25) . This structure has shed light into the mechanism of this important biological energy converter and the roles of its 30 supernumerary subunits. Here, we characterized ovine complex I as an alternative to commonly used bovine enzyme. The usefulness of screening alternative complexes I may be limited by the high overall sequence identity of the individual subunits from the available sources (Table 1 ). Whether these complexes are different enough to significantly impact their biochemical behavior and thereby their crystallizability and suitability for high resolution cryo-EM has not previously been investigated.
Here, we show that by using a modified protocol based on that used previously for purification of bovine complex I, we obtained a pure and highly active enzyme preparation (Figs. 1  and 4 and Table 3 ). Using mass spectrometry, we confirmed the presence of all known complex I subunits in our preparation (Fig. 1C and Table 2 ). We also observed that ovine complex I appears more sensitive to the type of lipids used in the purification steps and in the activity measurements than the bovine complex (Table 3 ) (39) . Whereas the highest activity of the bovine enzyme can be observed when purified in soybean asolectin, the highest activity for ovine complex I was only observed when using a defined mixture of PC and CL (Table  3 ). This indicates that the ovine and bovine enzymes have differing affinities for lipids, which influences their biochemical behavior.
To further compare the biochemical behavior of the bovine and ovine enzymes, we characterized the subunit composition of ovine complex I subcomplexes. Despite the high sequence identity of the individual ovine and bovine complex I subunits, significant differences could be seen in the composition of the NOVEMBER 18, 2016 • VOLUME 291 • NUMBER 47 JOURNAL OF BIOLOGICAL CHEMISTRY 24669 subcomplexes ( Fig. 3 and Table 4 ) (38, 41) . The dissociation of ovine complex I into subcomplexes occurred very quickly. Formation of the final subcomplex forms (I O and I␤) was near completion after only 1 h of incubation in LDAO and was fully complete after 4 h (Table 4 ). No transition from I O to a more bovine-like subcomplex I was seen even after overnight incubation in 0.1% LDAO. Therefore, I O appears stable and contains additional Q-module subunits (39 kDa, B14 and SDAP) as well as PGIV ( Fig. 3 and Table 4 ), suggesting that the interactions with these subunits may be more stable in ovine complex I than in the bovine complex. These significant differences in the behavior of the closely related bovine and ovine complexes strongly suggest that they will show different properties in structural studies.
Characterization of Ovine Complex I
To more fully characterize ovine complex I, we tested its activity from mitochondrial membranes using a variety of detergents (Table 5 ). Although most detergents had a negative impact on activity, we identified that the neopentyl glycol detergents had a positive impact relative to CHAPS alone, increasing complex I activity ( Table 5 ). From this observation, we developed a novel purification protocol using LMNG (Fig.  4) . Purification in LMNG resulted in a highly enriched preparation of complex I that was significantly more active than the protein prepared in DDM (Table 7) . Further detergent exchange experiments resulted in a preparation of purified mammalian complex I with high and rotenone-sensitive NADH/DQ activity, 6.61 Ϯ 0.43 units/mg. This activity corresponds well to the NADH/DQ activity of ovine complex I in the mitochondrial membranes (ϳ7.2 units/mg complex I in 0.2% CHAPS or ϳ9.0 units/mg complex I in LMNG; see Table 5 , taking into account ϳ7.7% content of complex I in the membranes). This is the highest reported activity of purified mammalian complex I with DQ, as it is higher than previously reported for the chromatographic purification of bovine enzyme (ϳ4 units/mg complex I at 30°C, originally reported in units of mol e Ϫ min Ϫ1 , which differs from the more standard units of mol NADH min Ϫ1 by a factor of 2 (39) ). Previously reported NADH-ubiquinone-1 (Q 1 ) activity of bovine complex I prepared in potassium cholate by the ammonium sulfate precipitation method of Hatefi and co-workers (67-69) was 8.7 units/mg complex I at 37°C and in sodium deoxycholate/DDM by the chromatographic/ammonium sulfate precipitation purification method of Yoshikawa and co-workers (56) was 7 units/mg complex I at 30°C. Our activity values compare favorably with these values because NADH/Q 1 activity is usually higher than that measured with DQ, as Q 1 has a shorter hydrophobic tail. Thus, Q 1 is more soluble but also interacts less specifically with complex I, resulting in lower sensitivity to rotenone inhibition.
Comparison of complex I activity between the DDM-and LMNG-purified protein suggests that the loss of activity during the purification in DDM results both from the loss of complex I integrity as well as loss of bound lipids, suggesting that LMNG is better able to maintain the integrity of the complex throughout the purification. This observation is supported by the clear retention of the 42-kDa subunit throughout the purification in LMNG (Fig. 4C ), whereas this subunit is lost during the chromatographic purification of the bovine enzyme in DDM (40, 42) . However, purification of the bovine enzyme in LMNG by the protocol presented here may also result in improvements to the integrity and activity of the complex. Because of their large hydrophobic surface area and their ability to simultaneously bind multiple subunits, the branched-chain detergents should help to hold membrane protein complexes together. The work presented here confirms that use of LMNG for purification of membrane protein complexes may be a general method to improve their stability (70) .
The results presented here indicate that despite high sequence identity, readily available sources of mammalian complex I are sufficiently different from each other to impact their biochemical behavior. Specifically, the ovine complex I characterized here using our novel purification procedure shows improved enzymatic activity and stability, suggesting it may be a prime candidate for crystallography or single particle cryo-EM studies as demonstrated by the recent 3.9 Å structure (25) . Further screening and characterization of other homologues may result in additional worthy candidates for structural studies.
Experimental Procedures
Materials-DM, UDM, DDM, TDM, CHAPS, LDAO, and trans-PCC␣M were purchased from Glycon Biochemicals GmbH (Luckenwalde, Germany). CYMAL-5, CYMAL-6, 7-cyclohexyl-1-heptyl-␤-D-maltoside (CYMAL-7), polyoxyethylene (9)decyl ether (ANAPOE C10E9), polyoxyethylene (8) Preparation of Mitochondria-Mitochondria were isolated from ovine heart tissue according to procedure 3 of Smith (71) and stored at Ϫ80°C. Before protein extraction, the frozen mitochondria were thawed on ice and washed by resuspension to a final concentration of ϳ6 mg of protein/ml by manual homogenization in MilliQ (18 megohms) water to which KCl was added to a final concentration of 150 mM. Next, the membranes were pelleted by centrifugation at 32,000 ϫ g for 45 min, followed by a second wash by resuspension in buffer M (20 mM Tris-HCl, pH 7.4, 50 mM NaCl, 1 mM EDTA, 10% v/v glycerol, 2 mM DTT, and 0.005% PMSF) by manual homogenization to a concentration of ϳ4 mg of protein/ml and centrifuged again as above. Finally, membranes were resuspended in buffer M at ϳ10 mg of protein/ml and either refrozen for storage at Ϫ80°C or used directly for preparation of complex I.
Lipid Preparation-Buffers containing lipids were prepared using the protocol of Heginbotham et al. (72) with modifications. Briefly, powdered lipid was prepared by dissolving the desired amount of lipid at ϳ10 mg/ml in chloroform in a glass test tube. For lipids provided in solution, the desired volume was added to a glass test tube. Solvent was removed by evaporation under a stream of N 2 until the lipids were dried to the surface of the glass followed by an additional 10 min under the N 2 stream to ensure complete removal of solvent. The lipid was further washed by addition of pentane to a final concentration of ϳ20 mg/ml lipid, followed by evaporation under a stream of N 2 while spinning the tube by hand nearly horizontally, resulting in a very thin layer of lipid over the surface of the glass, followed by an additional 10 min under the N 2 stream to ensure complete removal of pentane. The lipids were then dissolved in detergent solution (5-10% (w/v) DDM, 5% (w/v) LMNG, or 2% CHAPS) in MilliQ water at a final concentration of 5-20 mg/ml by several minutes of continuous vortexing. This detergent/ lipid mixture was then added to buffers for the desired final concentration of lipid and detergent.
DDM Purification-Initial purification of complex I from washed mitochondrial membranes was performed similarly to what has been reported for the bovine enzyme (38) consisting of two anion-exchange steps followed by SEC. However, optimization of the elution gradient profile for the first anion-exchange step allowed us to omit the second anion-exchange step and still achieve sufficient sample purity. This leads to a protocol more similar to that of Sharpley et al. (39) consisting of a single anion-exchange step and size exclusion chromatography. In short, 10% (w/v) DDM was added to the washed mitochondrial membranes dropwise to a final concentration of 1% DDM, followed by stirring for ϳ30 min at 4°C and centrifugation at 48,000 ϫ g for 45 min. The supernatant was filtered (0.45 m pore size polyethersulfone) and loaded onto a pre-equilibrated 45-ml Q-Sepharose HP anion-exchange column (GE Healthcare, UK). The Q-Sepharose buffers (A and B) contained 20 mM Tris-HCl, pH 7.4, 10% (v/v) glycerol, 1 mM EDTA, 1 mM DTT, 0.1 mg/ml DOPC, and 0.1% DDM; additionally, buffer B contained 1 M NaCl; the Q-Sepharose column was pre-equilibrated at 5% buffer B in buffer A. After application of the mitochondrial extract, the Q-Sepharose column was washed with 25 ml of 5% buffer B, then with a 25-ml linear gradient of 5-23%, and finally with 150 ml of 23% buffer B. Complex I was then eluted with a 200-ml linear gradient of 23-30% buffer B (Fig.  1A) . Any remaining protein was then eluted with 100% buffer B. The Q-Sepharose gradient was run overnight at 1.0 ml/min at 4°C. Complex I containing fractions were pooled based on NADH/FeCy activity (see assay details below) and concentrated to 1.5-2.0 ml. This sample was then loaded onto a custom-poured Superose 6 SEC column (16/100 cm) equilibrated in buffer SD (20 mM HEPES, pH 7.4, 2 mM EDTA, 10% glycerol, 50 mM NaCl, 0.1 mg/ml 4:1 DOPC/CL and 0.05% DDM). Complex I was eluted overnight at 0.35 ml/min at 4°C. For small-scale detergent exchange experiments, aliquots of complex I were run over a Superose 6 10/30 SEC column equilibrated in buffer SD containing the desired detergent at 0.05% (w/v).
Subcomplex Preparation-Purified complex I was treated with 1% LDAO followed by purification of subcomplexes on a Mono Q anion-exchange column as described previously (38) with minor modifications. After initial optimization runs, two experiments were performed with different pre-incubation times in 1% LDAO of 4 h (experiment 1) versus 1 h (experiment 2). Isolated subcomplexes from each experiment were concentrated and run over a Superose 6 SEC column equilibrated in 50 mM NaCl, 20 mM HEPES, pH 7.4, 2 mM EDTA, and 0.05% DDM buffer to remove the LDAO. Each subcomplex peak was pooled and concentrated. A sample of each subcomplex was run on SDS-polyacrylamide gels and stained with Coomassie, and the gel shown in Fig. 2 is from experiment 2. Gel slices were cut out and sent for protein identification by mass spectrometry. In experiment 2, gel slices were cut out only where Coomassie-stained protein bands were visible (I O 18 slices, I␤ 20 slices, and I␥ 13 slices), whereas in experiment 1 each subcomplex lane was cut into 31 approximately even slices from the bottom of the gel to the 150-kDa molecular mass marker for completeness. Results from both experiments are presented in Table 4 . Protein band assignment shown in Fig.  2B was determined by total peptide spectrum counts from the gel slices in experiment 1 and corroborated by the MS results from experiment 2.
Mass Spectrometry-Polyacrylamide gel slices (1-2 mm) containing bands of the purified proteins were prepared for mass spectrometric analysis by manual in situ enzymatic digestion. Briefly, the excised protein gel pieces were placed in a well of a 96-well microtiter plate and destained with 50% (v/v) acetonitrile and 50 mM ammonium bicarbonate, reduced with 10 mM DTT, and alkylated with 55 mM iodoacetamide. After alkylation, proteins were digested with 6 ng/l trypsin (Promega, UK) overnight at 37°C. The resulting peptides were extracted in 2% (v/v) formic acid, 2% (v/v) acetonitrile. The digest was analyzed by nano-scale capillary LC-MS/MS using an Ultimate U3000 HPLC (ThermoScientific Dionex, San Jose, CA) to deliver a flow of ϳ300 nl/min. A C18 Acclaim PepMap100 5 m, 100 m ϫ 20-mm nanoViper (ThermoScientific Dionex) trapped the peptides prior to separation on a C18 Acclaim Pep-Map100 3 m, 75 m ϫ 250 mm nanoViper (ThermoScientific Dionex). Peptides were eluted with a gradient of acetonitrile. The analytical column outlet was directly interfaced via a nanoflow electrospray ionization source, with a hybrid dual pressure linear ion trap mass spectrometer (Orbitrap Velos, ThermoScientific). Data-dependent analysis was carried out, using a resolution of 30,000 for the full MS spectrum, followed by 10 MS/MS spectra in the linear ion trap. MS spectra were collected over a m/z range of 300 -2000. MS/MS scans were collected using the threshold energy of 35 for collision-induced dissociation. LC-MS/MS data were then searched against a protein database (mammalian subset of UniProt KB) using the Mascot search engine program (Matrix Science, UK) (73) . Database search parameters were set with a precursor tolerance of 10 ppm and a fragment ion mass tolerance of 0.8 Da. One missed enzyme cleavage was allowed, and variable modifications for oxidized methionine and carbamidomethyl cysteine were included. MS/MS data were validated using the Scaffold program (Proteome Software Inc.) (74) . All data were additionally interrogated manually.
Activity Measurements-Purified complex I activity was measured by spectroscopic observation of NADH oxidation at 340 nm wavelength using a Shimadzu UV-2600 UV-visible spectrophotometer with CPS-100 thermoelectrically temperaturecontrolled cell positioner and modified by Rank Brothers Ltd. for continuous sample stirring. All activity measurements were performed at 30°C with 100 M NADH and 200 M DQ or 1 mM potassium ferricyanide (KFeCy). The standard reaction buffer AB (20 mM HEPES, pH 7.4, 100 mM NaCl, 10% glycerol, 1.0 mg/ml BSA, 0.1% CHAPS, 0.25 mg/ml lipid) was used for measuring NADH/DQ activity of purified complex I (unless otherwise indicated). For NADH/DQ activity of mitochondrial membranes, buffer AB was used containing 10 M CCCP and 400 M KCN (unless otherwise indicated). All values of DQ activity reported are corrected by subtraction of residual activity in the presence of the complex I inhibitor rotenone (2.5 M) under each condition (unless otherwise indicated). The buffer used for NADH/FeCy activity was 20 mM HEPES, pH 7.4, 50 mM NaCl, 2 mM EDTA, 0.1% DDM, and 1 mM KFeCy. The same buffer was used for determining the NADH/HAR activity except with 1 mM HAR instead of KFeCy. All protein concentrations were determined with the bicinchoninic acid (BCA, Pierce) assay kit using BSA standards (Thermo Fisher, Waltham, MA); all samples were diluted at least 10-fold into 20 mM HEPES, pH 7.4, 0.1% DDM, and 50 mM NaCl buffer to reduce interference from glycerol in the sample buffers. p values were calculated using a two-tailed Student's t test for independent samples.
LMNG Purification-Complex I purification in LMNG was performed similarly to purification in DDM described above, and it consisted of a single anion-exchange step followed by SEC, with modified buffers and gradients. In short, 5% (w/v) LMNG was added to the washed mitochondrial membranes dropwise to a final concentration of 1% LMNG, followed by stirring for ϳ30 min at 4°C and centrifugation at 48,000 ϫ g for 45 min. The supernatant was filtered (0.45 m pore size polyethersulfone) and loaded onto a pre-equilibrated 45 ml Q-Sepharose HP anion-exchange column (GE Healthcare). The Q-Sepharose buffers (AL and BL) contained 20 mM Tris-HCl, pH 7.4, 10% (v/v) glycerol, 1 mM EDTA, 1 mM DTT, 0.1 mg/ml DOPC, and 0.04% LMNG; additionally, buffer B contained 1 M NaCl; the Q-Sepharose column was pre-equilibrated at 5% buffer B in buffer A. After application of the mitochondrial extract, the Q-Sepharose column was washed with 50 ml of 5% buffer BL, then with a 30-ml linear gradient of 5-22%, and finally with 150 ml of 22% buffer BL. Complex I was then eluted with a 300-ml linear gradient of 22-30.5% buffer BL (Fig. 4A ). Any remaining protein was then eluted with 100% buffer BL. The Q-Sepharose gradient was run overnight at 1.0 ml/min at 4°C. Complex I containing fractions were pooled based on NADH/FeCy activity and concentrated to 1.5-2.0 ml. This sample was then loaded onto a custom-poured Superose 6 SEC column (16/100) equilibrated in buffer SL (20 mM HEPES, pH 7.4, 2 mM EDTA, 10% glycerol, 50 mM NaCl, 0.1 mg/ml 4:1 DOPC/CL, and 0.05% LMNG). Complex I was eluted overnight at 0.35 ml/min at 4°C (Fig. 4B) . For small-scale detergent exchange and stability experiments, complex I was run over a Superose 6 10/30 SEC column equilibrated in buffer S containing the desired detergent at 0.05% (w/v).
Organic Phosphate Assay-Measurement of organic phosphate content was performed according to the protocol of Anderson and Davis (55) without modification. Lipid was extracted from protein samples (ϳ20 l) by addition of 200 l of 2:1 chloroform/MeOH followed by vortexing. Then, 50 l of 125 mM NaCl was added, and the samples were vortexed again. The phases were separated by centrifugation for 3 min at ϳ13,000 ϫ g, and the lower chloroform phase was used for measurement.
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